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Abstract: To derive reliable demographic indicators, appropriate data on population 
exposures are needed. Access to such data is becoming increasingly challenging 
in many countries due to factors such as the growing diversity of international mi-
gration patterns and the trend towards replacing full censuses with register-based 
censuses. Germany represents a particularly challenging case in this respect. Be-
fore Germany implemented its fi rst register-based census in 2011, the country had 
not conducted a census for more than two decades. This census revealed that the 
number of people living in Germany in 2011 was about 1.5 million lower than the 
previous offi cial post-censal population estimates for that year indicated. It is likely 
that a large portion of this discrepancy had existed for quite some time prior to 
2011. Due to the long inter-censal period, the Federal Statistical Offi ce of Germany 
decided not to produce backward-adjusted population estimates by single-year 
ages and sex for the whole period. The main aim of this paper is thus to make such 
detailed adjusted inter-censal population estimates available. While we have to take 
the peculiarities of the German case into account, our evaluation of different strate-
gies offers important insights for developing a generalised methodology to adjust 
inter-censal population estimates for globalised countries that face challenges in 
ensuring the proper registration of migration events. We discuss four alternative 
approaches for deriving adjusted inter-censal population estimates. The results 
suggest that even for a rather complicated case like Germany, a relatively simple 
approach seems to work reasonably well. Finally, we demonstrate to what extent 
the implemented adjustments affect mortality indicators. The adjusted inter-censal 
population estimates for Germany and its federal states are provided in the online 
data appendix.
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1 Motivation, challenges, and defi nitions
To obtain reliable and comparable information on demographic phenomena such 
as mortality, fertility, and migration, it is vital to have access to high-quality data on 
the population at risk. This issue is particularly relevant for international compara-
tive database projects, such as the Human Mortality Database (HMD) (HMD 2017; 
Barbieri et al. 2015) and the Human Fertility Database (HFD) (HFD 2017; Jasilioniene 
et al. 2016). A number of developments have made obtaining reliable information on 
population exposures increasingly challenging, even for high-income countries. The 
inappropriate measurement of international migration is an important source of er-
ror in deriving population estimates. The chances that international migration events 
are measured incorrectly have increased in recent years as international migration 
has become less dominated by permanent country A to country B relocations than 
by other forms of migration with more complex migration trajectories. These new 
patterns are also referred to as super-diversity (Meissner/Vertovec 2015). Within the 
European Union, such tendencies have been fostered by the elimination of almost 
all restrictions on the movement of people between European Union member states 
(Castro-Martín/Cortina 2015). Another reason why obtaining accurate demographic 
data has become diffi cult is that a growing number of countries, including Germany, 
have transitioned from conducting traditional full censuses to performing register-
based censuses (Valente 2010). The question of whether a register-based census is 
able to deliver results that are similar in quality to those of a traditional census is a 
matter of dispute (Coleman 2013; Martin 2006). In light of the increasing challenges 
population scientists face in obtaining reliable population data for countries subject 
to substantial (international) migration, it is essential that researchers carefully re-
assess and seek to enhance existing methodologies to produce backward-adjusted 
inter-censal population estimates.
We believe that Germany is particularly well-suited for such an evaluation. The 
offi cial German population statistics for the last four decades provide us with a mul-
titude of challenges. These challenges largely stem from the fact that, for various 
reasons, there were long gaps between the censuses of 1981 in East Germany1 and 
of 1987 in West Germany, and the most recent census of 2011.2 The 2011 census 
was not only the fi rst census conducted in Germany following reunifi cation in 1990; 
it was also the fi rst register-based census carried out in Germany (see also Klüsener/ 
Zagheni 2014).
The situation in Germany is further complicated by the high internal and interna-
tional migration rates the country experienced in the late 1980s and the early 1990s 
surrounding the fall of the Iron Curtain and German reunifi cation. Since large shares 
of the errors in the offi cial population estimates are attributable to the misreport-
1 In this paper, the terms East and West Germany refer to the territories of the former German 
Democratic Republic (including East Berlin) and of the Federal Republic of Germany (including 
West Berlin) for the periods both before and after the reunifi cation of Germany in 1990.
2 For a discussion of the factors that led to the long inter-censal period, see, e.g., Eppmann (2004).
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ing of migration events, it is very likely that substantial distortions occurred at the 
beginning of this long inter-censal period, and that a non-negligible share of these 
early errors continued to distort population estimates over the almost two decades 
that passed before the census of 2011 was fi nally conducted (see also Kaus/Mundil-
Schwarz 2015).
These challenges might explain the decision made by the Federal Statistical Of-
fi ce of Germany not to produce corrected population estimates by age and sex for 
the entire inter-censal period. As these data are needed to derive appropriate popu-
lation exposures for the HMD and the HFD, we decided to use the German case to 
evaluate and enhance the methodologies for adjusting inter-censal population esti-
mates. While it is clear that we also need to account for the specifi cities of the Ger-
man case, our evaluation of different inter-censal population adjustment strategies 
offers valuable insights that can be used in developing a generalised methodology 
for obtaining adjusted inter-censal population estimates for globalised countries 
that are subject to substantial internal and international migration.
The applicability of the derived adjusted population estimates is certainly not 
limited to the aforementioned databases; the adjusted estimates can also be used 
for other purposes for which reliable estimates of the population at risk are needed. 
The obtained adjusted population estimates that were required for the HMD are 
available for download as so-called “input data” from this database (HMD 2017), 
while complete datasets derived through our preferred adjustment approach are 
available in a separate online data appendix of this paper. These datasets include 
data for East, West, and total Germany, as well as data for the 16 German federal 
states and East and West Berlin. In this paper, however, we will focus on the adjust-
ments for East, West, and total Germany, as data limitations prevented us from 
implementing all of the considered adjustment methods at the state level as well.
A general obstacle researchers encounter in attempting to adjust inter-censal 
population estimates is the decentralised system of statistics in Germany (Hölder/
Ehling 1991; von der Lippe 2006). Germany has a federalised structure in which the 
responsibility for collecting statistics is assigned to the 16 federal states and their 
statistical offi ces.3 The Federal Statistical Offi ce of Germany mainly plays a mod-
erating role, and has only limited access to the raw data collected by the state sta-
tistical offi ces. While the population data collection procedures and the defi nitions 
used are largely harmonised across the federal states, there are vast differences in 
how each state deals with population data distortions. The statistical offi ces of the 
German states and the local registry offi ces that are in charge of the population reg-
isters were certainly aware that during the long inter-censal period – and especially 
during the turbulent period around the time of German reunifi cation – substantial 
biases had been introduced into the population estimates due to misreported mi-
gration events. Thus, efforts were made as part of state-level and local initiatives to 
3 Recently, the German states of Schleswig-Holstein and Hamburg as well as the states of 
Brandenburg and Berlin have merged their statistical offi ces, which reduced the total number 
to 14.
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identify erroneous cases and to take them out of the population statistics. If, for ex-
ample, evidence was found that a single individual had been counted in the statistics 
more than once, the incorrect entries were removed. The standard procedure for 
such removals is to assign an artifi cial out-migration move abroad to the double en-
try. Unfortunately, in most instances it is not possible to distinguish between real and 
artifi cial out-migration events. Over the course of the last inter-censal period, such 
correction procedures were implemented at different points in time and with vary-
ing degrees of intensity across the German states. This variation in cleaning intensi-
ties seems to partially explain why after the last census some of the German states 
needed to introduce fewer corrections to their population numbers than others.
It is important to stress that many of these corrections were introduced in the 
mid- to late 2000s, shortly before the 2011 census. But it is reasonable to assume 
that a considerable percentage of the erroneous entries that were corrected in this 
period had originated in the period of German reunifi cation (see also below), and 
had thus caused distortions in the population estimates for long periods of time. 
The implemented corrections complicated our work, as they made it more diffi cult 
for us to identify the full volume of errors that had accumulated over the inter-censal 
period. In this paper, we will use the term accumulated error to refer to the differ-
ence between 1.) the old post-censal population estimates (based on the 19814 and 
1987 censuses in East and West Germany, respectively); and 2.) the new offi cial 
post-censal population estimates based on the 2011 census, as obtained on 1 Janu-
ary 2012. If we had looked only at the accumulated error based on the 2011 census 
results, we would have been unable to account for the temporary distortions that 
were eliminated in the corrections immediately before the census. Therefore, we 
had to develop procedures that allowed us to quantify the magnitude of these cor-
rections. However, such an assessment could only be approximate. The estimated 
corrected cases were then added to the offi cial post-censal population estimates 
based on the 1981 and 1987 censuses to derive a so-called prior-cleaning-adjusted 
accumulated error.
In addition to the challenges mentioned above, we had to overcome another 
obstacle. To ensure data comparability over time, the HMD maintains not just time 
series on Germany (from 1990 onwards), but also time series for the territories of 
East and West Germany into which Germany was divided between 1949 and 1990. 
As a result, East and West Berlin are still included in the territories of East and West 
4 From the date of German reunifi cation (3 October 1990) until the 2011 census, the offi cial popu-
lation estimates for East Germany had been based on an extract of the population register 
of the German Democratic Republic taken at the date of reunifi cation. However, the Federal 
Statistical Offi ce of Germany acknowledged that these register-extracted population estimates 
were probably too high due to the under-registration of out-migration abroad events from the 
German Democratic Republic in the late 1980s (Statistisches Bundesamt 2006: 30). Thus, in our 
inter-censal adjustment we will use the census of 1981 as the main reference point, and not the 
register-based extract from 1990.
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Germany, respectively (Scholz et al. 2017).5 But since 2001, when Berlin enacted 
an administrative reform, it has not been possible to derive data for the former ter-
ritories of East and West Berlin directly from the city’s published statistical data. To 
deal with this challenge, a method was developed as part of the HMD activities that 
allows researchers to obtain very precise estimates of demographic events, such 
as births and deaths, for the former territories of East and West Berlin from 2001 
onwards (see Scholz et al. 2017). Since the HMD still recognises the historic division 
of East and West Berlin, our adjustment method should also be able to account for 
this distinction.6,7
Another challenge we faced was that East and West Germany had conducted the 
censuses that preceded the 2011 census at different points in time (1981 and 1987, 
respectively). This gap was of relevance for our decision about how to defi ne the 
beginning and the end of the inter-censal adjustment period. Given that the German 
Democratic Republic (GDR) maintained a highly reliable central population register, 
and that the levels of international migration to and from the GDR were rather low 
up to 1988 (Statistisches Bundesamt 1993), we can assume that the post-censal 
population estimates for the GDR are highly accurate up to the beginning of 1988. 
Therefore, for East Germany we decided to set a so-called pseudo-census point 
of 1 January 1988. In West Germany, the offi cial census date was 25 May 1987. To 
ensure comparability with the East German estimates, we decided to use for West 
Germany the population estimates for 1 January 1988, rather than the population 
numbers at the very beginning of the inter-censal period.
The fi nal results of the 2011 census were published by the Federal Statistical Of-
fi ce in May 2013. However, the offi cial German population estimates of the current 
post-censal period are based not on these data, but on modifi ed data published in 
April 2015 (see Kaus/Mundil-Schwarz 2015).8 These modifi ed data were also em-
5 The motivation for doing so is to support research that examines the effects of German reuni-
fi cation on the convergence of the large mortality differences that existed between East and 
West Germany in the 1980s.
6 Another territorial change that affected the borders of former East and West Germany occurred on 
30 June 1993, when a small territory of former East Germany (Amt Neuhaus) was transferred to 
West Germany. However, due to the small population size of this territory (app. 4,800 inhabitants), 
this change is not specifi cally accounted for in the HMD and in our inter-censal adjustment.
7 The HFD applies from 1990 onwards a slightly different territorial defi nition of East and West 
Germany, which is congruent with the defi nition used by the Federal Statistical Offi ce since 
2001. According to this defi nition, East and West Berlin are, respectively, excluded from East 
and West Germany. Download links to data for these subdivisions are also available in the on-
line data appendix.
8 The Federal Statistical Offi ce of Germany decided not to use the published fi nal results of the 
2011 census as the basis for its future population estimates, as some of these data turned out 
to be implausible when compared with data from other sources, such as local population and 
birth registers. These inconsistencies are likely related to the fact that the 2011 census was not a 
full census, but was instead based on a register-drawn sample. To deal with the inconsistencies 
identifi ed in the published census results, the Federal Statistical Offi ce decided to use modifi ed 
census results as the basis for its future population estimates. For the census date, these results 
provide the same total population number for Germany, while the population numbers broken 
down by age and sex have been adjusted based on additional information. To our knowledge, 
there is no published detailed documentation on how these adjustments were implemented.
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ployed for our adjustment. As the end point for our adjustment, we again did not 
use the estimates for the census date (9 May 2011), but rather the population esti-
mates for 1 January 2012. The choice of this approach was guided by our intention 
to produce adjusted population estimates for the former territories of East and West 
Berlin. To derive such estimates, we had to rely on register data for Berlin, which 
we could only obtain for complete years. Thus, our adjusted inter-censal population 
estimates cover the period between 1 January 1988 and 1 January 2012.
The remainder of this paper is organised as follows. First, we provide background 
information on how errors in the population estimates can emerge (section 2). We 
then present an overview of the available raw data (section 3). Next, we describe 
the fi rst major step of the adjustment procedure we used to identify offi cial correc-
tions to the population estimates implemented in the years prior to the 2011 census 
(section 4). We then provide an account of the second major step of our adjustment, 
in which we adjusted the population estimates within the inter-censal period based 
on assumptions about how the accumulated error identifi ed at the end of the period 
accrued over time. In total, we considered and tested four adjustment procedures 
(section 5). This is followed by an assessment of the extent to which the mortality 
indicators based on our adjusted population estimates differ from those derived 
by the HMD or national and international institutions on the basis of the originally 
published population estimates (section 6). A discussion and conclusion is provided 
in section 7.
2 Potential origins of the errors in the offi cial population estimates 
Errors in the population statistics can occur for a number of reasons. Among the po-
tential sources of error are problems with how the censuses are conducted. As we 
mentioned above, the 2011 census was the fi rst register-based census in Germany, 
whereas all of the preceding censuses had been carried out as traditional census-
es covering the entire population. Details on the methodology of the 2011 census 
have been provided by Kaus and Mundil-Schwarz (2015). An overview of the poten-
tial defi ciencies of the 2011 census has been presented by Scholz and Kreyenfeld 
(2016). The challenges associated with implementing register-based censuses (see 
also Coleman 2013) are also refl ected in the Federal Statistical Offi ce’s decision to 
base its current future population estimates not strictly on the population numbers 
derived in the 2011 census, but on modifi ed numbers that take additional informa-
tion into account. Nevertheless, compared to the old inter-censal estimates based 
on the 1981 and 1987 censuses, the 2011 census provided a much more accurate 
picture of the population living in Germany. While the quality of the last full West 
German census of 1987 has also been criticised (Grohmann 2009), we are not aware 
of any systematic shortcomings of the censuses of 1981, 1987, or 2011 that could 
be appropriately corrected. Thus, we decided not to make any modifi cations to the 
census data (or to the offi cially adjusted census data in case of the 2011 census). For 
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the same reasons, we also chose not to modify the respective offi cial population 
estimates for the beginning of years that succeeded a census or that were selected 
as pseudo-census points.
In Germany, the register data on births and deaths are highly reliable (Kreyen-
feld/Scholz 2009). But like in many other countries around the world, the German 
statistical offi ces are fi nding it diffi cult to ensure that migration events are measured 
in a comprehensive manner. The registration laws of Germany and the GDR have 
consistently stipulated that each individual resident is permitted to have only one 
primary residence. But when migration events are not registered or are registered 
incompletely, an individual may be registered as having more than one primary 
residence. Moreover, an individual who is no longer living in Germany may still be 
registered as a resident. These erroneous or multiple entries can cause an artifi cial 
infl ation of the population statistics. One major source of error is the under-regis-
tration of out-migration abroad. Many foreign (predominantly male) migrants who 
came to (West) Germany as labour migrants in the second half of the 20th century do 
not register their out-migration when they return to their home country. As a result, 
such migrants remain in the population estimates, even though they are no longer 
resident in Germany (see also Hannemann/Scholz 2009). The failure to register a 
return migration event can become particularly problematic if the individual dies 
while abroad and the death is not reported to the German authorities; as in such 
cases the deceased is likely to remain in the statistics as a living resident. The share 
of these ‘dead souls’ in the reported population estimates increases with age. This 
phenomenon is mostly concentrated in West Germany. East Germany, by contrast, 
attracted relatively few foreign migrant workers after 1950. Hence, the East German 
population estimates have been much less affected by the under-registration of out-
migration after retirement than the West German estimates.
These East-West differences are also visible in Figure 1, which compares by age 
and sex the accumulated error as of 1 January 2012 in percent, while using as a 
reference the population estimates based on the offi cially corrected 2011 census 
outcomes for that date (blue bars; the stacked dark blue bars will be explained 
below). The impact of the under-registration of out-migration abroad on life expec-
tancy trends at high ages has been well documented (Jdanov et al. 2005; Scholz/
Jdanov 2007; Scholz/Jdanov 2008). This problem is still relevant today, and is likely 
to be an important source of distortion in the future. To account for this problem, the 
HMD applied for Germany during the inter-censal period a correction method that 
relied upon more accurate information from pension data (Scholz/Jdanov 2007). 
The comparison of the corrected population estimates at high ages and the popula-
tion numbers obtained in the 2011 census showed that this methodology was very 
reliable (Scholz et al. 2017).
But not all of the shortcomings of the published offi cial post-censal population 
estimates are related to cohorts of advanced ages. In Figure 1, we also observe 
deviations of up to around fi ve percent among the cohorts born in the 1960s and 
the 1970s who were aged 31-51 in 2011. For these cohorts, notable deviations can 
be detected in both East and West Germany. Again, these patterns are more pro-
nounced among males. The similarities between East and West Germany suggest 
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Fig. 1: Deviation of population estimates based on the 1981 and 1987 
censuses from population estimates based on the 2011 census in % 
(1 January 2012) (without and with adjustment for prior cleaning)
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Note: The population estimates derived from the 2011 census are based on the offi cially cor-
rected census data published by the Federal Statistical Offi ce of Germany in April 2015. These 
numbers are used as a reference to derive the deviation of the old population estimates based 
on the 1981 and 1987 censuses. The accumulated error refers to the unadjusted deviation be-
tween the old and the new population estimates, while the additional error identifi es the further 
deviation that we obtained when we adjusted for the prior cleaning of the statistics before the 
2011 census. In this adjustment, which is described in detail in section 4, we aimed to revoke 
the prior cleaning by deriving an estimate of the cleaned cases, and adding them back to the 
population estimates based on the 1981 and 1987 censuses to get closer to the total deviation 
that emerged during the inter-censal period.
Source: Federal Statistical Offi ce, own calculations
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that the errors among these cohorts originated from a process that affected both 
parts of Germany. To understand this issue, it is important to recognise that peo-
ple’s mobility levels are highest between ages 18 and 30 (Bell/Muhidin 2009). For 
the cohorts born in the 1960s and the 1970s, this age span coincides with the period 
around 1990, when migration intensifi ed following the fall of the Iron Curtain and 
German reunifi cation. It is therefore very likely that a substantial share of the ac-
cumulated errors in these cohorts originated during this rather chaotic period (see 
also Kaus/Mundil-Schwarz 2015).
Between 1988 and reunifi cation, rates of out-migration from East Germany in-
creased rapidly. Such moves were often irregular in nature, and the GDR authorities 
were not able to keep track of all migration events. Thus, some East German refu-
gees and migrants to West Germany remained registered at their former address in 
East Germany. However, problems continued to occur after reunifi cation due to the 
under-registration of both external and internal migration events, which likely led 
to erroneous or double entries in the population statistics. To fully understand the 
East-West migration patterns of the cohorts born in the 1960s and the 1970s, it is 
important to take into account that there was not only a massive outfl ow of people 
from East to West Germany starting in the late 1980s, but also a continuous wave of 
migrants returning to East Germany starting in the 1990s (Fuchs-Schündeln/Schün-
deln 2009). In the early 1990s, this return migration trend was dominated by males. 
It is likely that a non-negligible share of these migrants did not report their return to 
East Germany to the local registry authorities in West Germany. In addition, some 
of the errors observed among the cohorts born in the 1960s and the 1970s might 
have occurred as a result of the incorrect registration of international migration. In 
the early 1990s, there was a substantial wave of migration into Germany from Cen-
tral-Eastern, South-Eastern, and Eastern Europe. It is very likely that some of these 
immigrants left Germany without reporting their departure (see also Statistisches 
Bundesamt 2016a), and that this under-reporting of out-migration contributed to 
the errors in the population estimates. In addition, errors can occur if the arrival of a 
migrant is recorded more than once. These double entries are particularly diffi cult 
to detect if the information about an individual migrant that is provided in these 
entries is not consistent.
3 Data and Methodological Strategy
In our adjustment, we mainly rely on offi cial statistical data.9 Appropriate raw popu-
lation and demographic events data must be available by sex. Since we favour a 
cohort-based approach, these data should ideally be stratifi ed by both single year 
of age and birth year (i.e., in Lexis triangle format). Such an approach is preferable 
9 The only exception to this general rule is the estimation of numbers for the former territories of 
East and West Berlin for the 2001-2011 period, for which we use population and demographic 
register data of the city of Berlin.
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to an age-based approach, as applying an age-based approach can be particularly 
problematic when adjacent cohorts differ substantially in size. Because of the ef-
fects of World War II and of temporal fertility fl uctuations in (East and West) Ger-
many in the subsequent decades, a number of successive cohorts in the German 
population vary substantially in size. For example, the cohort born in 1945 is much 
smaller than the cohort born in 1946. Thus, the deaths and the migration events 
that were registered for 55-year-olds in 2001 are more likely to be linked to the 1946 
cohort than to the 1945 cohort.
In section 1 of the online appendix, we provide an overview of the data that we 
were able to obtain for the German states, East Germany, West Germany, and Ger-
many as a whole. These data include the population estimates as of 31 December 
for the years 1987-2011, by sex and single year of age/birth year.10 For the whole 
inter-censal period, we have annual information on live births and deaths, with the 
latter being broken down by single year of age and birth year. As statistical data for 
East and West Berlin are only readily available for the period up to 2000, we include 
in the data for East and West Germany from 2001 onwards estimates for the two 
parts of the city that are based on the procedure described by Scholz et al. (2017). 
We also collected detailed migration data for each of the 16 federal states and for 
the sub-territories of Berlin, as we need these data to detect the corrections of the 
population statistics implemented in the German states in the years before the cen-
sus. Information drawn from migration data is also used in some of the approaches 
we are considering for the adjustment of the inter-censal population estimates.
While we were able to obtain rich migration data for the 1991-2013 period,11 
there are some restrictions on the data we were able to collect. For example, we 
have to limit ourselves to using migration data that can be broken down by age and 
sex, but not by birth year, as we were unable to gain access to data that would al-
low us to use this information in a comprehensive manner for the whole age range. 
Overall, the level of data availability is slightly higher for international migration 
than for internal migration within Germany, as for most of the inter-censal period we 
were able to obtain data by single-year ages and sex (see online appendix, section 
1). When looking at the internal migration data, we focus only on migration events 
across federal state borders, as it would have been very diffi cult – if not impossible – 
to obtain information on migration events in which individuals did not cross federal 
state borders (by age and sex for East and West Germany) for the whole inter-censal 
period.12
Information on how the estimates on migration events for East and West Berlin 
were obtained is provided in section 2 of the online appendix. As we are consider-
ing some adjustment methods that require detailed migration data, it was our goal 
10 Based on HMD conventions, we treat these estimates as representing the population on 1 Janu-
ary of the successive year.
11 We also collected data for 2012 and 2013, as having time series that extend beyond the census 
of 2011 supports us in making our adjustments for prior cleaning.
12 Moves between East and West Berlin are not considered moves across federal state borders, 
as the two territories have been part of the same federal state since 1990.
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to obtain migration data by single-year ages at least up to ages 90+. We had to deal 
with a number of challenges in the collection and the preparation of the data. For 
example, we only have access to data up to ages 75+ for some years, and the inter-
nal migration data we could obtain for 1991-2000 are available for broad age groups 
only. The assumptions and procedures we used to derive estimates on migration by 
single-year ages are described in section 3 of the online appendix.
Another limitation is that we were unable to collect detailed internal and interna-
tional migration data for East Germany for the 1988-1990 period. For this period, we 
use data on implied migration that we obtained by taking the differences between 
the offi cial population estimates by single-year birth cohorts at year t+1 and year 
t, subtracting the registered births among the cohort born between t and t+1, and 
adding the deaths by cohort. This process allowed us to derive the migration bal-
ance by cohort and sex. In East Germany during this period, out-migration levels 
were high and in-migration levels were low (Statistisches Bundesamt 1993). Hence, 
migration balances appear to represent a good approximation of external migration 
intensities. For internal migration, we were unable to obtain comprehensive data 
for East Germany for this period. Thus, we restrict ourselves to using the implied 
external migration balances for this period to derive information on migration inten-
sities. As the description of the available migration data shows, our efforts to obtain 
detailed migration data for the fi rst part of the inter-censal period met with only 
limited success. These challenges were among the main reasons why we ultimately 
decided to use for the HMD and the HFD an inter-censal adjustment approach that 
does not require migration data.
The deterministic adjustment methods we selected are in line with HMD and 
HFD standards. While we also had the option of using model-based approaches 
(see, e.g., Wheldon et al. 2016), we chose to use deterministic approaches instead 
because they are very transparent and can be limited to a small number of explicit 
assumptions. Model-based approaches allow for greater fl exibility, but are usually 
based on a large number of explicit and implicit assumptions. If we were performing 
the inter-censal adjustment for one research project only, a model-based approach 
would probably have been the better choice, as we would have been able to ensure 
that the underlying assumptions of the implemented adjustments do not greatly af-
fect the outcomes of the subsequent analyses for which the data are used. We are, 
however, performing this adjustment for international comparative databases. The 
adjusted population data might be employed for various purposes, and it would be 
unfortunate if the outcomes of future analyses of these data were driven primarily 
by assumptions that we used to implement the inter-censal adjustment. Background 
information on our adjustment methods is provided in the following sections 4 and 
5, and in the online appendix.
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4 Adjustment for the offi cial cleaning of the population statistics 
prior to the 2011 census
4.1 Considerations
As we mentioned above, administrative authorities usually erase erroneous indi-
vidual entries from the population statistics by assigning to them an out-migration 
abroad event. Among the main sources of these erroneous entries are the failure to 
register and the incorrect registration of international and internal migration events, 
as we described in section 2. For all time periods over the last inter-censal period, 
we observe temporal anomalies in the out-migration abroad trends for one or sev-
eral years in one or several German states (see Fig. 2). The evidence of such anoma-
lies provides support for the view that cleaning processes were implemented in dif-
ferent states at various times throughout the whole inter-censal period. We are less 
concerned about corrections made in the 1990s, as they occurred relatively close to 
the period in which the errors emerged. Therefore, we decided not to make any ad-
justments for cleaning processes in this period. We are, however, much more con-
cerned about two periods in the 2000s when substantial corrections were made, as 
there are indications that these modifi cations may have been accounting for errors 
that emerged in the statistics in the late 1980s and the early 1990s. Thus, these 
modifi cations may have contributed to bias in the offi cial population estimates for 
longer periods of time.
The fi rst cleaning period we want to examine occurred in 2004. It appears that 
during this period, efforts were made to clean up erroneous entries in the German 
Central Register of Foreigners (Ausländerzentralregister), (Opfermann et al. 2006; 
Hannemann/Scholz 2009). While the main focus of this process was on making ad-
justments to this specifi c register, which is independent of the population statistics, 
the cross-checks with population register data likely resulted in the identifi cation 
of erroneous cases that were then also taken into account in the production of the 
population estimates. However, the variation in anomalies across the states, which 
is visible in Figure 2, suggests that the extent of the cleaning undertaken varied 
considerably across the German states. According to Opfermann et al. (2006: 487), 
many foreigners who were identifi ed in 2004 as no longer living in Germany had 
entered Germany during the 1986-1994 period. Since recently arrived foreigners 
are especially likely to make (potentially unregistered) moves within Germany or 
abroad (see also Constant/Massey 2003), many of these erroneous cases might 
have already emerged in this period through the under-registration of out-migration 
abroad events or the double registration of individuals due to incompletely reported 
internal migration events. If the cleaned cases in the population statistics are indeed 
related to the cleaning of the Central Register of Foreigners, they are likely to share 
these characteristics. Thus, the statistical offi ces have probably been accounting 
for bias that had affected the population estimates for a longer period of time. An-
other motivation for correcting the migration data for 2004 is that the West German 
state of Hesse reported for that year large anomalies in the statistics for migration 
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both to and from other countries. These anomalies seem to be largely an artefact of 
the over-registration of external and internal migration moves among Germans (see 
Statistisches Bundesamt 2014: 10).13
The second cleaning period is related to the introduction of a unifi ed tax identi-
fi cation number starting in mid-2007 (see also Ette/Sauer 2010; Scholz/Kreyenfeld 
2016). In order to limit the number of cases in which a person who had registered 
her or his main residence in two places was issued two identifi cation numbers, 
efforts were made to identify and eliminate double entries in the registers. Accord-
ing to the Federal Statistical Offi ce, the cleaning of the registers in response to 
the introduction of the tax identifi cation number affected the published population 
statistics in the years 2008-2010 (Statistisches Bundesamt 2014: 10). This statement 
is in line with the results of our empirical inspections, which identifi ed a cluster-
ing of un-usual positive anomalies in these three years in the out-migration abroad 
trends in many German states. Such anomalies are detectable up to high ages, even 
though out-migration abroad intensities are generally very low among the elderly 
(see Fig. 2).
Therefore, in our attempt to account for prior-cleaning efforts, we chose to focus 
on the year 2004 and the 2008-2010 period. As we noted above, in most instances 
the artifi cial migration events that were entered as part of the cleaning process 
cannot be distinguished from real international migration events, even using the in-
dividual-level migration register data to which we have access through the German 
Research Data Centres (FDZ 2014). We thus have to derive estimates of the extent 
of the cleaning that was undertaken in a given period from observed irregularities 
in the out-migration abroad trends. In using this approach, we benefi t from the rela-
tive stability of out-migration abroad trends. In rare cases, state statistical offi ces 
integrated an identifi er into the individual-level migration statistics that makes it 
easier to distinguish between artifi cial and real migration events. Such an identifi er 
was, for example, used by the state of Hesse in adjusting its population estimates 
in 2004.14 These rare cases provide us with an opportunity to explore the reliability 
of our estimation approach.
We decided to implement our adjustments of the corrections at the level of the 
16 German states, with the state of Berlin being further subdivided into East and 
West Berlin. Our choice was made for two main reasons. The fi rst reason is that 
the timing and the intensity of the corrections vary across the German states. The 
second reason is that this approach has an “additive” feature. In an approach in 
13 While in the fi rst decade of the 21st century Hesse registered around 85,000-90,000 interna-
tional out-migration abroad events and around 85,000-98,000 in-migration events from foreign 
countries, the respective numbers for 2004 were 118,000 and 112,000.
14 In this case, Hesse marked cleaned entries as out-migration events to unknown destinations 
abroad, and registered them in December 2004. We cannot rule out the possibility that some of 
these events are not related to the cleaning, but a comparison of these events with out-migra-
tion events to unknown destinations in the preceding and the successive months reassures us 
that the share cannot be much higher than 25 percent, and that it is likely to be much lower than 
25 percent.
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which we adjusted the numbers separately for Germany as a whole as well as for 
East and West Germany, the numbers for East and West Germany would not add 
up to the numbers derived for Germany as a whole. These inconsistencies can be 
circumvented in our approach, in which we implement this adjustment for the sub-
territories and then derive the outcomes for the higher-level units by summing up 
the values of their lower-level sub-units. In order to implement the corrections for 
the cohorts, we derive estimates of migration events by single birth cohorts by 
splitting the migration data by age. This splitting procedure is based on the assump-
tion that the period migration rates were constant across the two successive birth 
cohorts that contributed the migration events of a specifi c age in a given year (e.g., 
the migration rates of the cohorts born in 1974 and 1975 who contributed migration 
events at age 20 in 1995).15 This implies that the splitting procedure is based on 
differences in cohort size only. Formulas for this procedure are provided in section 
4 of the online appendix. It should be noted that this splitting procedure has impli-
cations for the top open-age category, as cohort proportions in specifi c ages can 
only be derived up to one age below the top open-age category, because we lack 
information on the older cohort at the end of the year. Thus, we can derive cohort 
proportions only up to age 88. Due to the splitting of migration events into Lexis 
triangles, the open-age category changes from 90+ (the last age group for whom 
the raw data are available) to 89+.
Our adjustment for corrections prior to the census is based on the assumption 
that in those years in which corrections were implemented (2004, 2008-2010), all 
positive anomalies (i.e., sudden spikes) from time trends in external out-migration 
rates by cohort are due to corrections implemented by the statistical offi ces. We re-
strict ourselves to positive anomalies, as corrections made by the statistical offi ces 
can increase, but cannot decrease the external migration rates. With the estimated 
cohort migration rates, we are able to implement this adjustment in a cohort-wise 
manner. Thus, our focus is on the migration trends among cohorts who reached a 
specifi c age in a given year (e.g., 35) over the 1991-2013 period. 
In order to estimate the artifi cial migration events in the years 2004 and 2008-
2010, we use the following procedure. First, we derive the observed migration rates. 
We then remove the observed rates for the years 2004 and 2008-2010. The removed 
data points are treated as “missing” values to be interpolated on the basis of the re-
maining data points (1991-2003, 2005-2007, and 2011-2013). Second, we interpolate 
these missing points using a piecewise cubic Hermite interpolation spline (func-
tion interp1 from R package signal; see also Fritsch/Carlson 1980). The obtained 
values represent the “expected” migration rates. Next, in those cases in which the 
“expected” migration rates are lower than the observed rates (i.e., in which we see 
15 This assumption holds true for most of the life course, and is perhaps only problematic for ages 
18-20, as migration rates increase substantially immediately after graduation from secondary 
school. However, even in these cases we believe the distortion is rather small, as the individuals 
who make up a school cohort are derived from births that took place between the summer of 
a given year and the summer of the successive year (exact dates vary across German states). 
Hence, a cohort of school leavers is comprised of individuals from at least two birth cohorts.
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Fig. 3: Graphical representation of selected outcomes of the Hermite spline 
interpolation
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Note: These plots, which are based on data for Bavaria, demonstrate our approach to estimating the 
scale of the corrections implemented in the population statistics in the years prior to the 2011 census. 
We focus on the years 2004 and 2008-2010, which we identifi ed as years with substantial corrections. 
Once detected, an erroneous case is typically removed from the offi cial statistics by assigning an 
out-migration abroad event to it. If, however, the erroneous case did not stem from an unregistered 
out-migration event in the same year, this practice can increase the risk of artifi cially infl ating the 
out-migration abroad statistics. With the Hermite spline interpolation, we derive for the years with 
intensive cleaning estimates of the out-migration rates that would have been registered if no correc-
tions had been implemented in these years. This interpolation uses information from the trends in 
out-migration rates by the age reached at the end of the year in the years without substantial cleaning. 
Each subplot displays the initial and the adjusted out-migration abroad rates for cohorts that reached 
a specifi c age in a given year. For example, the plot for age 30 shows the initial and the adjusted out-
migration rates for cohorts who reached age 30 in a specifi c year (e.g., 1970 in 2000, 1971 in 2001). 
The initial and the adjusted data only deviate in the years for which we applied the Hermite spline 
interpolation to adjust for cleaning. The plots show that in the years 2004 and 2008-2010, there are 
indeed frequent anomalies that are quite well captured using the Hermite spline approach.
Source: Federal Statistical Offi ce, own calculations
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a positive anomaly), we subtract the former from the latter rates to determine the 
“excessive” migration rates. These rates are then transformed into our estimates 
of “artifi cial” migration events due to corrections. Finally, we check the plausibility 
of the obtained results by means of a visual examination of the trends. A graphical 
representation of this approach is shown in Figure 3.16
16 An additional challenge we faced was an inconsistency in the external migration statistics of 
the German state of Hamburg for 2007 and 2008. Around 7,000 migration events to unknown 
destinations abroad that occurred in 2007 were erroneously recorded in the statistics for 2008. 
This constituted a problem in our attempt to identify artifi cial out-migration events in the clean-
ing year of 2008 using a spline method, as the misreported cases lowered the 2007 migration 
statistics and infl ated the 2008 numbers. We thus apply a two-step procedure for Hamburg. In 
the fi rst step, we perform a spline estimation in which we exclude next to the data for 2004 and 
2008-2010 also the data for 2007 to derive an estimate of the extent to which the recorded mi-
gration events for 2007 deviate from the trend. Using this technique, we identifi ed 6,968 cases 
broken down by cohort and sex; a number that is close to the 7,000 delayed registered cases 
reported in offi cial statistical publications. These cases are deducted from the Hamburg migra-
tion statistics for 2008 and added to the statistics for 2007. In addition, we adapt the population 
estimates for Hamburg for 1 January 2008 to account for the migration moves that we shift from 
2008 back to 2007, which result in slightly smaller population numbers at the beginning of 2008. 
In the second step, we implement for Hamburg the same procedure used for the other states to 
derive estimates for 2004 and 2008-2010.
Fig. 4: Hermite spline estimate of cleaned cases vs. an estimate based on an 
identifi er in migration register data
Birth cohort
0
200
400
600
1920 1940 1960 1980 2000
Males
1920 1940 1960 1980 2000
Females
Spline estimate ??????????????????
Persons Persons
0
200
400
600
Birth cohort
Out-migration abroad
German Federal State of Hesse
Note: This graph provides a consistency check for our estimates of cleaned cases as part of the prior-
cleaning adjustment approach. For Hesse in 2004, we are able to derive a relatively accurate estimate 
of the offi cially cleaned cases through an identifi er available in the individual-level migration register 
data. This fi gure compares the birth cohort structure of the estimate of the cleaned cases derived 
from the migration register data (Offi cial statistics) with the estimated cleaned cases obtained with 
the Hermite spline approach (Spline estimate).
Source: Federal Statistical Offi ce, FDZ (2014), own calculations
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For Hesse, we also need (for the reasons outlined above) to apply this procedure 
to the 2004 statistics on in-migration from foreign countries. This approach is based 
on the same principles as those we follow in the adjustment of the out-migration 
statistics. We deduct for Hesse the estimated in-migration event artefacts from the 
estimated out-migration event artefacts. Cases in which we obtain negative num-
bers for specifi c outcomes by cohort and sex are set to zero, as it is unlikely that the 
cleaning of the population statistics would have created additional person entries 
in the population statistics. We verify the validity of our approach by comparing 
our estimates with the generally reliable estimates derived from offi cial information 
on cleaned cases by cohort in 2004 for the state of Hesse. The outcomes shown in 
Figure 4 suggest that our estimation method works reasonably well.
4.2 Outcomes of the adjustment for prior cleaning
Our estimates in the adjustment for prior cleaning suggest that around 145,000 
male cases and 117,000 female cases were removed from the offi cial statistics in 
the years 2004 and 2008-2010. Broken down by region, we identifi ed with our esti-
mates 114,000 male cases and 98,000 female cases in West Germany, and 31,000 
male cases and 18,000 female cases in East Germany. If we add these cases to the 
accumulated error,17 the shares for Germany as a whole increase from 2.5 percent 
to 2.9 percent for males and from 1.3 percent to 1.6 percent for females (for the 
percentage deviations, we take the estimates based on the offi cially corrected 2011 
census data as a reference). In Figure 1 (page 38), we plot the cohort distribution 
of the cases that were identifi ed. We can see that the prior cleaning was particu-
larly intense among the cohorts who were aged 25-40 in 2011 (see dark blue bars). 
Generally, when we adjust for prior cleaning we seem to get a more meaningful 
deviation pattern in the accumulated error by cohort for the population under age 
60 at the end of the inter-censal period (stacked blue and dark blue bars). While the 
deviations between the population estimates as of 1 January 2012 that are based 
on the old and the new censuses (denoted by the blue bars) often have a bimodal 
shape, with humps at ages in the twenties and the forties; the shapes we obtain 
after accounting for the corrections appear to be closer to a unimodal distribution 
of the accumulated error. We consider this pattern to be more meaningful, as it is 
likely that the accumulation and the elimination of errors vary systematically across 
the life course. While the registration of these cohorts by the state authorities is 
highly accurate during their school years, errors start to increase when the cohorts 
become young adults, and thus are leaving home. It is likely that some of these er-
rors can be detected and eliminated as the cohorts grow older, and thus reach ages 
at which migration intensities tend to be lower.
17 Which we defi ned above as the difference between the population estimates on 1 January 2012 
based on the old censuses and the new census.
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5 Testing approaches to adjust the inter-censal population estimates
5.1 Considerations
While the prior-cleaning adjustment in section 4 dealt with a specifi city of the Ger-
man case, we turn now to the evaluation of four adjustment strategies. The four ap-
proaches considered differ in their underlying assumptions and data requirements. 
All of the adjustments are carried out separately by sex and region (East, West, and 
total Germany). As the initial population, we take the population on 1 January 1988. 
We split the open-age category 90+ of this population into data by single-year ages 
using the survivor ratio method of the HMD (see Wilmoth et al. 2007). As population 
at the end of the inter-censal period, we employ the offi cial population estimates as 
of 1 January 2012 based on the offi cially corrected 2011 census outcomes. As these 
data are available up to ages 100+, we again use the survivor ratio method to split 
the data at ages 100+ into single-year ages. In the following, we will refer to these 
population numbers as population estimates based on the 2011 census.
The fi rst approach is the standard HMD methodology for cases in which popula-
tion estimates between two censuses are either not available or not reliable (Wil-
moth et al. 2007). This method, which we refer to as the basic approach, is based on 
the assumption that the only reliable population data collected outside of the cen-
sus are data on births and deaths. Migration data are not taken into account, as they 
are either not available or are considered insuffi ciently reliable. The basic approach 
assumes that migration balances are constant over the inter-censal period, and that 
the accumulated error detected at the end of the inter-censal period has accrued 
uniformly over time. However, as it appears that the assumption of constant migra-
tion balances is violated in the German case, we expect that the direct application 
of the basic approach will not yield satisfactory results. Nevertheless, we present 
this method here, as it serves as the basis for developing alternative approaches 
more appropriate for the German case. In this fi rst approach, we start with the base 
population at the beginning of the inter-censal period, and estimate the population 
size incrementally forward over the years by adding births and subtracting deaths in 
a cohort-wise manner. We then derive for the end of the inter-censal period the ac-
cumulated deviation by cohort by obtaining for each cohort the difference between 
our calculated numbers and the population estimates based on the 2011 census.18 
The derived deviation by cohort – which is attributable to unbalanced migration and 
errors in the statistics – is then assumed to have accumulated uniformly over the 
inter-censal years, and is added to our incrementally derived population estimates 
by cohort. A formal description of this method is provided in section 5 of the online 
appendix.
The second approach, the migration-adjusted approach, takes into account vari-
ation in migration event occurrences, simultaneously across cohorts and time. Un-
like in the basic approach, in this approach we relax our assumptions about data 
18 For this approach, the prior-cleaning adjustment has no effect, as we do not make use of any 
migration data and population estimates that were published in the inter-censal period.
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reliability, and assume that in-migration events19(both across national borders and 
across federal state borders within Germany) are adequately measured, and thus 
can be used for the incremental forward calculation of the population estimates. 
The only numbers we consider unreliable are those related to out-migration events 
both across national borders and across federal state borders within Germany. As 
mentioned above, the under-registration of out-migration represents the biggest 
challenge in deriving migration statistics. Nevertheless, we believe that the out-
migration data still provide meaningful information on variation in the occurrence of 
out-migration events over time. We assume in this approach that this registered var-
iation affected the accumulation of errors in the inter-censal population estimates 
by cohort over time. In other words, in the sub-periods of the inter-censal period in 
which a cohort had an above-average number of registered out-migration events, 
we assume that the cohort also experienced a similar above-average contribution to 
the accumulated deviation, which we detect for this cohort at the end of the period 
between our forward-calculated prior-cleaning-adjusted population estimates and 
the population estimates based on the 2011 census.
We decided to use the migration events instead of the intensities, as we con-
sider the events more appropriate when seeking to account for the accumulation 
of errors in cohorts that are subject to big changes in size over time (either due to 
deaths or due to migration). If, for example, the population size of a cohort shrinks 
– predominantly due to deaths – from 10,000 to 1,000, while the cohort’s migration 
intensities stay the same, we would assume based on the intensities that the same 
absolute amount of error accumulated in the cohort in a year at the beginning and in 
a year at the end of the period of years in which the cohort experienced this drastic 
decrease. However, we consider it more realistic to assume that in the initial years, 
the total accumulation of error was greater as the cohort was bigger. This aspect is 
better refl ected in the migration event numbers. We will thus redistribute the error 
proportionally by cohort based on the out-migration events a cohort experienced 
in a given year relative to the other years of the inter-censal period (for more details 
see section 5 of the online appendix). As in the prior-cleaning adjustment, we follow 
a cohort-based approach. This implies that we needed to split the prior-cleaning-ad-
justed migration events again into Lexis triangles following the equations described 
in section 4 of the online appendix, this time using the prior-cleaning-adjusted pop-
ulation numbers as a reference. By applying the splitting procedure a second time, 
the top open-age category is further reduced to 88+. Migration events at ages 88+ 
are not taken into account in this second approach, as doing so would have made 
it necessary to generate an estimate of the distribution of migration events across 
single-year ages in this 88+ category. Since the number of migration events in this 
category is rather small, we decided not to introduce additional assumptions about 
how the migration events might be distributed in the open-age category. Instead, 
we assume no (selective) migration at ages 88+.
19 We deduct from the migration data the migration events that our prior-cleaning adjustment 
estimations identifi ed as artefacts resulting from the data cleaning.
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While it might be appropriate in general to believe that accumulated errors de-
tected at the end of the inter-censal period emerged proportionally to temporal vari-
ation in out-migration events over the inter-censal period, this assumption does not 
necessarily apply to all cohorts. If, for example, we consider the cohorts born in the 
late 1980s in East Germany, we see that they experienced above-average numbers 
of migration events around 1990, when many of them moved with their parents 
to West Germany. However, erroneous entries of small children in the population 
registers are usually detected when they reach the age at which they have to enter 
school. Thus, it is less likely for these cohorts than it is for older cohorts that the 
errors which emerged in the early 1990s persisted up to the 2011 census. Another 
limitation of this approach is the lack of detailed migration data for parts of the inter-
censal period. For example, we have very limited information for East Germany for 
the 1980s. Moreover, because the data on internal migration between 1991 and 
1999 are provided in broad age categories only, we had to split the data into single-
year ages on the basis of detailed migration data available for Germany as a whole. 
These data availability constraints motivated us to develop a third simplifi ed ap-
proach that takes migration information into account, but has less demanding data 
requirements.
In this third strategy, which we refer to as the simplifi ed migration-adjusted ap-
proach, we consider both variation in total migration intensities over time and vari-
ation in migration intensities by age. The latter information we obtain from a refer-
ence year in the middle of the inter-censal period. In our case, the reference year is 
2000, for which we have available migration data by single-year ages. Another dif-
ference between the third approach and the second approach is that for the third we 
decided to reduce complexity by considering in- and out-migration events equally 
reliable. This implies that for the simplifi ed migration-adjusted approach (as well as 
for our fourth approach), we do not need to obtain our own population estimates for 
the inter-censal estimates, but can instead use the offi cially published population 
estimates that the German statistical offi ces derived based on registered births, 
deaths, and in- and out-migration events. The population estimates and migration 
counts have, however, been adjusted by us for prior cleaning. A special case is 
that of the population numbers by single-year ages for the prior-cleaning-adjusted 
population at ages 88+, for whom we cannot rely on offi cial population numbers. 
If a cohort reaches the age of 87, we move to an incremental forward calculation in 
which we are subtracting the death events that are recorded for this cohort in a spe-
cifi c year. Migration events are not taken into account, which implies that we again 
assume no selective migration above age 87. At the end of the inter-censal period 
we then derive the accumulated deviation from the offi cially corrected population 
estimates based on the 2011 census.
The information on variation in migration intensities by age in our reference year 
is obtained in a cohort-wise manner (i.e., age reached during the year). These calcu-
lations are based on the migration data by cohort up to ages 87, which we already 
used for the second approach. This implies that also in this third approach for the 
redistribution of the accumulated error by age, migration at ages 88+ is not con-
sidered. In order to derive information on how to redistribute the accrual of the 
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prior-cleaning-adjusted accumulated error over the years of the inter-censal period 
across cohorts, we use migration intensities for the total population independent 
of age. Both the migration intensities by age and by year comprise external and 
internal in- and out-migration events. However, as in the second approach, for the 
information on variation by age we will not use the intensities, as they would not 
account for the fact that cohort sizes can change substantially over time (particularly 
at older ages). Thus, we transfer for each year our year-2000 migration intensity data 
by the age reached at the end of the year (i.e., cohort) back into migration events, 
while taking the cohort size in a specifi c year into account (derived as the mean of 
the cohort size at the beginning and the end of a year). Next, we derive separately 
for the migration intensities by year and for the migration counts by age (at the end 
of the year) and year matrices with proportional data for each cohort. We then add 
these two matrices with proportional data and divide them by two.20 The resulting 
weights are then used to redistribute the accrual of the detected prior-cleaning-
adjusted accumulated error (see section 5 of the online appendix for details).
The fourth approach, the so-called population-size-adjusted approach, is much 
less data-demanding than the second and the third approaches, which require mi-
gration data. For this approach, we assume that the accumulated error by cohort (as 
well as by sex and region) is simply dependent on the changes in the population size 
of cohorts over time. As we do not depend on migration data when using this ap-
proach, we do not need to again derive the estimates on migration events by cohort 
after the prior-cleaning adjustment. This implies that we can work with population 
data up to ages 89+ instead of up to ages 88+. We use the offi cial population esti-
mates and our own forward-calculated population estimates at ages 89+, which we 
obtain in a manner similar to that applied in the third approach. The prior-cleaning-
adjusted error is then, like in the third approach, derived by comparing the popula-
tion estimates based on the 2011 census, with the population estimates based on 
the 1981 and 1987 censuses, which are forward-calculated at ages 89+. To obtain 
the weights according to which the detected error has accrued, we use information 
how the population size of each cohort (derived as the mean of the cohort size at 
the beginning and the end of a year) varied over the inter-censal period. As we pre-
fer this approach to be additive across geographic hierarchies, we decided not to 
calculate these proportional weights for East, West, and total Germany separately. 
Instead, we derive the weights for total Germany (separately by sex), and then apply 
these weights to East and West Germany as well.21 We believe that this restriction 
is acceptable, as the population-size weighting is mostly accounting for newly born 
cohorts in the fi rst year and the changes in the older cohorts, among whom the 
number of deaths is high. As there is limited regional variation in the steepness of 
20 It is in principle also possible to give the age and the year information different degrees of sig-
nifi cance in deriving the weights.
21 This approach was also applied in deriving the adjusted population numbers for the 16 German 
states and East and West Berlin, which are presented in the online data appendix.
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the increases in mortality risks over age within Germany, we believe that it is justi-
fi ed to use the weights for Germany as a whole for the German sub-territories as 
well (see section 5 of the online appendix for details).
5.2 Outcomes
In presenting the outcomes for the four different approaches, we will fi rst contrast 
the offi cial population estimates with the estimated adjusted development of the 
total population of Germany by sex (Fig. 5). As expected, we fi nd that in this case 
the application of the basic approach does not yield plausible results. The outcomes 
for the other three approaches differ only marginally at the level of the total popula-
tion. For the total population, we can also compare our numbers with the offi cial 
adjustment published by the Federal Statistical Offi ce. The trends in the two sets of 
fi gures are very similar, which is reassuring. However, we see slight differences in 
the levels, as our numbers are lower than the offi cially adjusted numbers for most 
of the inter-censal period. These differences seem to be mostly attributable to our 
decision to start the inter-censal period on 1 January 1988, while the offi cial adjust-
ment does not start until 31 December 1990 (see the conclusion for more details).
As our approaches two to four produce very similar results at the population lev-
el, we decided to take the fourth population-size-adjusted approach into more seri-
ous consideration as our potential fi nal choice, as it is the leanest strategy in terms 
of data demand. A big advantage of this approach is that it is not dependent on the 
availability of detailed migration data, which we had estimated for the 1980s and the 
1990s based in part on some rather bold assumptions. Another advantage of the 
population-size-adjusted approach relative to the other three approaches is that the 
outcomes at different hierarchies are additive. This implies that if we implement the 
adjustment for East and West Germany separately and add the resulting numbers 
to derive the total numbers for Germany, we obtain the same numbers as we would 
have if we had applied the adjustment directly to the data for Germany as a whole.
However, while differences between the second, third, and fourth approaches 
might be marginal at the level of the total population, there could still be strong 
deviations for specifi c cohorts. We thus explored how the adjusted population es-
timates that are derived using the fourth population-size-adjusted approach differ 
from the estimates that are obtained by applying the second migration-adjusted 
approach, in which we consider variation in migration over time by cohort, sex, and 
region (for East and West Germany, and for Germany as a whole). This compari-
son is displayed in Figure 6, which focuses on the ages for which we have access 
to migration data by single-year ages (up to age 87). The fi gure shows the devia-
tions of the adjusted population numbers obtained using the second approach from 
the numbers derived by applying our favoured fourth approach (in percent). The 
biggest deviations are visible in East Germany, where there was substantial out-
migration, mostly to West Germany. The deviations are greatest among the cohorts 
born between 1950 and 1990, and are especially large in the late 1990s and the 
early 2000s. For the cohorts born between 1950 and 1970, the migration-adjusted 
approach provides lower estimates than the population-size-adjusted approach, as 
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the latter does not account for the high migration intensities among these cohorts 
around 1990. For the cohorts born between 1970 and 1990, the migration-adjusted 
approach results in higher numbers than the population-size-adjusted approach be-
cause the latter does not take into account that these East German cohorts did not 
enter ages with particularly high migration intensities until the 2000s. However, the 
deviations are not large. If we consider in combination any time and age/cohort up 
to age 87 for the six populations (women and men in East and West Germany, and 
Germany as a whole) for the years between the censuses (1988-2010), we obtain a 
mean of -0.05 percent and a standard deviation of 0.62 percent. We detect devia-
tions bigger than 5 percent in 30 cases only, with the largest deviation being 7.6 per-
cent. These elevated deviations above 5 percent are solely concentrated among 
East German females at ages 18-23 in the 1990s. The rather small overall deviations 
reassure us that the population-size-adjusted approach is an appropriate choice.22
Fig. 5: Development of total population 1 January 1988 – 1 January 2014 
(offi cial vs. adjusted numbers)
1 Basic
2 Migration adjusted
3 Simple migration adjusted
4 Population-size adjusted
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Note: Lines one to four represent the resulting adjusted population estimates based on 
our four approaches, while line fi ve shows the initially published population estimates. 
For the graph for the total population on the right, we are also able to add the population 
development estimates based on the offi cial inter-censal adjustment implemented by the 
Federal Statistical Offi ce (line six).
Source: Federal Statistical Offi ce, own calculations
22 The differences between the adjusted population estimates derived using the simplifi ed mi-
gration-adjusted approach and the migration-adjusted approach are even smaller, but we still 
prefer to use the population-size-adjusted approach, as it does not rely on migration data that 
we estimated based on some rather bold assumptions.
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Fig. 6: Comparison of adjusted population estimates: Deviation of migration-
adjusted numbers from population-size-adjusted numbers in %
Note: The fi gure shows the deviation of the adjusted population estimates derived using the migra-
tion-adjusted approach from those obtained through the population-size-adjusted approach, with 
the latter serving as the point of reference (in percent). The legend on the right-hand side depicts 
which deviations in percent correspond to which colours in the surface plot. Deviations are shown 
for 1 January of a given year. The dotted grey diagonal lines denote the ages that the birth cohorts 
depicted on the y-axis reached in specifi c years (the 1980 cohort, for example, turned 20 in 2000). 
If the deviation is negative/positive, the migration-adjusted approach derives lower/higher adjusted 
population numbers than the population-size-adjusted approach. In East Germany, for example, the 
migration-adjusted approach returns higher population numbers for cohorts born between 1975 and 
1985 through most of the 1990s. Unlike the population-size-adjusted approach, this approach takes 
into account that these cohorts did not reach ages with high migration intensities until later in the 
inter-censal period. Thus, the migration-adjusted approach assumes that most of the positive error 
detected in the census accrued in this later period, and applies fewer deductions to the population 
estimates in the fi rst part of the inter-censal period.
Source: Federal Statistical Offi ce, own calculations
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6 Effects of the adjustment of inter-censal population estimates on 
mortality measures
To assess the impact of our chosen adjustment of inter-censal population estimates 
on mortality indicators, we compare our newly derived life expectancy estimates 
for Germany23 with estimates from other sources (Fig. 7). For this comparison, we 
use data obtained from the Federal Statistical Offi ce of Germany (FSO), the WHO, 
Eurostat, and previously published HMD data.24 As these sources provide data for 
Germany as a whole since 1990 only, we focus on the 1990-2011 period. With the 
exception of the data from the FSO, which publishes three-year averages, all of the 
other sources provide annual numbers. For our comparison, the data for the FSO 
are centred on the middle of a three-year period.
According to our adjusted numbers, the life expectancy at birth (e0) of males 
increased between 1990 and 2011 from 71.9 to 77.8 years. At the end of the inter-
censal period, when the accumulated error was highest, this fi gure was around 0.2 
years lower than the corresponding fi gures provided by the FSO and the old HMD 
estimates. Compared to the numbers cited in international databases, such as the 
Health for All database of the WHO and the Eurostat database, we detect a sub-
stantial negative deviation of up to 0.6 years. For females, our adjusted calculations 
show that the e0 increased from 78.4 to 82.8 years between 1990 and 2011. The devi-
ations from the numbers provided in other databases are somewhat smaller in this 
case because of the lower levels of accumulated error among females. At the end of 
the inter-censal period, our adjusted numbers are around 0.1 years lower than the 
numbers from the FSO and our previously published numbers. The data on the fe-
male e0 provided by the WHO and Eurostat seem to suffer from some defi ciencies, 
as they exhibit unreasonable fl uctuations in the period between 2000 and 2006. In 
the period around 2010, our adjusted numbers are up to 0.45 years lower than the 
female e0 obtained from the WHO and Eurostat. This gap is also not insubstantial.
In the two lower plots of Figure 7, we can see the effects of the adjustment on 
life expectancies at age 90. We were unable to obtain data from the WHO and Eu-
rostat for this age. The comparison with the previously published HMD data pro-
vides support for the view that our pension adjustment factor generally performed 
well in tracking the development of life expectancy at high ages. However, among 
males from 2005 onwards, we fi nd an increasing negative deviation that amounts 
to around 0.2 years in 2010. The FSO numbers also show a negative deviation for 
males from our adjusted numbers of the same magnitude; again, of around 0.2 
years. The similarities between the FSO numbers and our numbers suggest that the 
FSO also implemented adjustments to account for known defi ciencies in the inter-
censal population estimates.
23 Based on HMD methodology.
24 In preparing the previously published HMD numbers, the population at high ages had been 
adjusted based on information from German pension data (Scholz/Jdanov 2007).
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Fig. 7: Deviation of the life expectancies based on our adjusted inter-censal 
population data from the life expectancies from other sources
Note: The life expectancies from other sources to which we compare our numbers are always rep-
resented by the horizontal black line at level zero. If the lines representing the difference are below/
above zero, this implies that our adjusted life expectancies are below/above the numbers of the life 
expectancy data from other sources. FSO refers to the Federal Statistical Offi ce. With the exception of 
the data from the FSO, which publishes three-year averages, all of the other sources provide annual 
numbers. For our comparison, the data for the FSO are centred on the middle of a three-year period.
Source: Federal Statistical Offi ce, WHO, Eurostat, HMD, own calculations
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7 Discussion and Conclusion
In this paper, we sought to generate detailed adjusted population estimates for Ger-
many over the last inter-censal period by reassessing and enhancing existing ap-
proaches. Our fi ndings contribute to the existing literature in several ways. First, us-
ing the German case as an example, we documented the challenges that globalised 
countries with relatively open borders face in keeping track of their population num-
bers. Second, our paper contributes to the debate on the challenges associated with 
the transition from performing full censuses to conducting register-based censuses 
(Coleman 2013; Martin 2006; Scholz/Kreyenfeld 2016; Valente 2010). The German 
case points to issues that may arise from such a transition. It is not clear whether 
the prior cleaning of statistics we detected in the years before the census was partly 
motivated by the upcoming enumeration. However, the preparation of the registers 
for the censuses provided incentives to implement corrections. If undertaking such 
procedures becomes “good” practise, countries will no longer have a single census 
date at which corrections are implemented, but rather a census period over several 
years in which more or less extensive adjustments are applied at different levels of 
the administrative hierarchy, and at varying points in time.
While it is generally desirable to adjust any inaccuracies in the population sta-
tistics as quickly as possible, such corrections become problematic if they account 
for errors that have persisted for longer periods. In this case, a comparison of the 
census outcomes with the old post-censal population estimates is likely to provide a 
distorted view of the cohorts, regions, and other subgroups for which it was particu-
larly tricky to keep track of the population numbers during the inter-censal period. 
We were able to demonstrate this with the outcomes by cohort for East, West, and 
total Germany. Accurate information on these distortions is, however, very valu-
able. In addition to allowing us to identify and address shortcomings in the registra-
tion systems, this information is extremely useful for the backward-adjustment of 
inter-censal population estimates. Societies should have an interest in maintaining 
accurate population statistics, as information on the population distribution within 
a country is relevant for making decisions regarding public fi nancial transfers and 
electoral representation.
A third contribution of our paper is that our evaluation of different adjustment 
methodologies offers important insights that can be used to improve generalised 
methodologies, such as those implemented in the HMD, to derive adjusted inter-
censal population estimates for globalised countries that are subject to substantial 
migration. For the German case, it is important to stress that any attempt to adjust 
the inter-censal population estimates over such a long period of time must be ap-
proximate. If we had been able to gain access to detailed migration data for the 
whole inter-censal period, we probably would have chosen to use one of the two 
approaches that take into account variation in migration intensities across age/co-
hort, sex, time, and region. But given the data limitations, we settled for the popula-
tion-size-adjusted approach, as it seems to provide reasonable results, while it does 
not require the use of potentially erroneous migration data, some of which we were 
only able to estimate based on rather bold assumptions. Our fi nding that the out-
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comes of the population-size-adjusted approach do not vastly differ from those of 
other approaches that take variation in migration intensities into account reassures 
us that we made the most appropriate choice. This observation is also encouraging 
for the purposes of improving generalised methodologies, as it shows that even for 
a rather complicated case like Germany, a relatively simple approach seems to work 
reasonably well. 
In comparing our preferred adjustment approach with the offi cial adjustment 
approach (Statistisches Bundesamt 2016b), we previously noted that unlike our ap-
proach, the offi cial approach is only carried out for the total population at the level 
of the German states. Our approach considers sex and age by single-year ages. In 
addition, while our adjustment covers the period between 1 January 1988 and 1 
January 2011, the offi cial adjustment covers the period between 31 December 1990 
and 31 December 2010. The offi cial estimates as of 31 December 2010 were, on the 
other hand, derived from backward estimations. In the offi cial inter-censal adjust-
ment, variation in migration intensities over time is taken into account; which is in 
line with our simplifi ed migration-adjusted approach. If we had decided to focus on 
the 1990-2010 period only, we probably would have favoured this approach as well, 
as relatively rich migration data are available for this period. In deriving migration 
intensities, the prior cleaning is also considered in the offi cial approach through 
estimation techniques. However, the offi cial adjustment focuses on the 2008-2010 
period only, whereas we also cover the cleaning in 2004. In addition, in the offi cial 
adjustment, these estimates are only used to modify the migration intensities, while 
the estimated artifi cial migration events are not added to the accumulated error 
in the population estimates detected in the census. Overall, the offi cial approach 
and our approach are similar in some ways and different in others. It is, however, 
reassuring that the offi cially adjusted total population estimates and the population 
numbers derived using our favoured approach do not differ greatly (see Fig. 5). The 
slight differences found in the levels seem to be mainly attributable to the fact that 
our adjustment starts three years earlier than the offi cial adjustment.
Although our corrections and adjustments mainly concern cohorts with low 
mortality rates, their effects on life expectancy levels are not insubstantial. This is 
especially apparent when we compare our new calculations with the fi gures pub-
lished in the international databases of the WHO and Eurostat, as it seems that no 
efforts were made by these organisations to adjust for problems in the population 
estimates for Germany during the 1990s and the 2000s. Our adjusted life expectan-
cies at birth are up to 0.6 years lower for males and up to 0.45 years lower for fe-
males. The differences between these fi gures and the life expectancies previously 
published by the HMD and the Federal Statistical Offi ce of Germany – both of which 
seem to have attempted to account for the shortcomings in the German population 
estimates – are smaller, but are still not negligible. We also integrated our adjusted 
population estimates into the Human Fertility Database. However, as the popula-
tion estimates for women were less affected by accumulated errors than those for 
men, and given the low fertility levels in Germany, the effects of the adjustment on 
total fertility levels were rather small (maximum deviation of the TFR: +0.03 in East 
Germany without East Berlin).
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The adjusted population numbers for East, West, and total Germany, as well as 
for the 16 German states and East and West Berlin provided in the online data ap-
pendix, are expected to facilitate research that requires access to detailed time se-
ries of population exposure data. In addition, the lessons learned from the German 
case should be used to revisit the HMD methodology for dealing with the adjust-
ment of population estimates in inter-censal periods. Nevertheless, an inter-censal 
period of more than two decades is problematic, and we hope that periods of this 
length remain exceptional in the decades to come.
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